Abstract: Despite remarkable advances in synthetic biology, the fact remains that it takes a living cell to make a new living cell. The information encoded in the genome is necessary to direct assembly of all cellular components, but it may not be sufficient. Some components (e.g. mitochondria) cannot be synthesized de novo, and instead require pre-existing templates, creating a fundamental continuity of life: if the template information is ever lost, the genomic code cannot suffice to ensure proper biogenesis. One type of information only incompletely encoded in the genome is the structures of macromolecular assemblies, which emerge from the conformations of the constituent molecules coupled with the ways in which these molecules interact. For many, if not most proteins, gene sequence is not the sole determinant of native conformation, particularly in the crowded cellular milieu. A partial solution to this problem lies in the functions of molecular chaperones, encoded by nearly all cellular genomes. Chaperones effectively restrict the ensemble of conformations sampled by polypeptides, promoting the acquisition of native, functional forms, but multiple proteins have evolved ways to achieve chaperone independence, perhaps by coupling folding with higher-order assembly. Here, I propose the existence of another solution: a novel mechanism of de novo folding in which the folding of specific proteins is templated by pre-folded molecules of a partner protein whose own folding also required similar templating. This hypothesis challenges prevailing paradigms by predicting that, in order to achieve a functional fold, some non-prion proteins require a seed passed down through generations.
Introduction
Even the most minimalist of organisms require an astounding complexity of cellular processes. Proteins, nucleic acids, lipids, ions, and other molecules must interact in highly specific ways to form functional and dynamic complexes. Evolution sculpted the forms adopted by proteins and nucleic acids to optimize these intermolecular associations: some became high-affinity interactions with ultraslow dissociation kinetics, while others maintained looser connections to facilitate dynamics and multiplicity of interaction partners. Here I focus on what I predict is a small subset of protein-protein interactions that are high-affinity but are nonetheless subject to an 'exchange' step in which an association is transiently loosened to allow release of a pre-existing partner and switching to a newly synthesized molecule of the same protein.
The tertiary structure of a protein is not a fixed entity dictated directly by the primary sequence. Polypeptides populate an ensemble of conformations, and what fraction of molecules populate which conformations is influenced by a number of factors. Interactions between hydrophobic amino acid side chains, which typically mediate formation of the core of folded proteins wherein solvent molecules are excluded, are intrinsically sensitive to temperature. For nascent polypeptides emerging from the ribosome, C-terminal sequences are unavailable when N-terminal stretches of amino acids begin to fold. Thus, native associations between N-and C-terminal residues are not possible until translation is complete. Finally, and most importantly, with regard to the subject of this piece, interactions between distinct polypeptides promote the population of those conformations that are most compatible with oligomerization, and in many cases the creation of a high-affinity interface involves the exclusion of solvent via association between otherwise exposed hydrophobic residues.
In a complex environment crowded with many other molecules, however, a native oligomerization partner is unlikely to be the first protein encountered by a nascent polypeptide. Particularly when C-terminal sequences are required to bury the hydrophobic core, a nascent polypeptide is inherently vulnerable to non-native associations with other similarly exposed proteins that can form non-functional (even toxic) aggregates, which are often difficult to dissolve and/or destroy. Accordingly, as should be clear from the paragraphs above, proteins destined for high-affinity interactions with a specific partner face considerable challenges during the early stages of maturation. They must remain on the proper pathway toward acquisition of the native conformation, which may ultimately only be achieved in the context of the native oligomer.
Here I describe mechanisms that facilitate, and may even be required for, successful folding and oligomerization by proteins with specific properties. These mechanisms include roles for chaperone proteins in client/ substrate protein folding and oligomerization. I also introduce a concept that is, to my knowledge, novel: that successful de novo folding may require a chaperone-mediated templating interaction between a nascent protein and a pre-folded oligomerization partner, even when the partner itself previously required such a templating event for its own de novo folding. The resulting chicken-and-egg scenario presents challenges to the heterologous production of certain kinds of proteins and, more fundamentally, to the field of synthetic biology. Moreover, loss of functional 'heritable templates' could underlie diseases whose etiologies remain unknown.
The acquisition of oligomerizationcompetent conformations by subunits of high-affinity oligomers is not spontaneous
Protein sequence is not the sole determinant of protein structure. An informative illustration of this concept is the inability to reconstitute many simple high-affinity multisubunit complexes from individually synthesized parts. For example, αtubulin cannot adopt the native fold unless it interacts with β tubulin, and vice versa; each protomer requires structural information that its partner provides (1) . Moreover, additional factors, in the form of general cytosolic chaperones and tubulin-specific folding cofactors (here considered to be chaperones), are further required to direct the tubulin polypeptides to adopt conformations primed for heterodimerization (2) .
One possible explanation for the requirement for chaperones during de novo tubulin folding is that some features of the native tubulin fold (which is highly similar between the α and β subunits) are intrinsically difficult to attain in a spontaneous manner. However, at least one genus of bacteria (Prosthecobacter) obtained, likely via horizontal gene transfer, sequences encoding clear homologs of eukaryotic α and β tubulins, and these bacteria manage to fold their tubulin-like proteins and assemble them into heterodimers without assistance from cofactors (3, 4) . Remarkably, each prokaryotic tubulin can even refold successfully in solution following chemical denaturation. High-resolution structures of BtubA and BtubB confirm that these proteins spontaneously attain all the major structural features of their eukaryotic counterparts (3) . What purpose, then, does chaperone-and partnerassisted tubulin folding serve for the eukaryotic species that are clearly under strong selection to maintain them?
The answer may be that the ways most eukaryotes evolved to use tubulins require not just a heterodimer but an exceedingly stable one: the BtubA-BtubB heterodimer is significantly lower-affinity than the α-β tubulin heterodimer (3, 4) . It would appear that the conformational states acquired by the bacterial proteins are not quite equivalent to those achieved in the context of the exquisitely intimate association between the eukaryotic tubulin pair. Accordingly, it must be easier for a polypeptide to acquire the native BtubA or BtubB fold than it is to acquire the native α or β tubulin fold; no additional folding information needs to be supplied by a chaperone or interaction partner.
Generally speaking, the conformation achieved just prior to the acquisition of the native state is often the most aggregation-prone (5) . It may be the case that protein conformations poised for the highest-affinity protein-protein interactions also have the highest propensity for nonnative aggregation. Such a relationship would predict that chaperone involvement is particularly important to prevent aggregation during the folding of proteins destined for high-affinity interactions. Certainly, chaperones play an important role in preventing aggregation, a fact easily illustrated by the widespread protein aggregation observed following depletion of GroEL, a nearly ubiquitous prokaryotic chaperone that is essential in Escherichia coli (6) . As with the BtubA-BtubB example, some prokaryotes have found solutions to the aggregation problem that do not require GroEL: the Mycoplasma species Ureaplasma urealyticum lacks any gene encoding a homolog of GroEL (7), yet its homologs of many obligate GroEL substrates are able to fold properly when expressed in GroEL-deficient E. coli (6) and even avoid aggregation upon refolding in solution (8) . Single amino acid substitutions in the U. urealyticum homolog of the homotetrameric enzyme MetK render the mutant MetK protein both prone to aggregation and dependent on GroEL for proper folding (8) . It would be very interesting to know if the affinity of the MetK subunits for each other is increased by these mutations.
One final conclusion can be drawn from the analysis of other structurally similar proteins that differ in their GroEL dependence. Analysis of the folding pathways of E. coli DapA (GroEL-dependent) and Mycoplasma synoviae NanA (GroEL-independent) revealed that, both with and without GroEL assistance, DapA folds first into a native monomer that subsequently oligomerizes into a functional tetramer. By contrast, NanA folding and tetramerization are coupled, and contacts between non-native monomers precede acquisition of the native conformation (9) . These studies did not demonstrate that the act of tetramerization promotes folding of the monomers. However, it is tempting to speculate that the need for chaperone assistance was supplanted in NanA partly by the evolution of intersubunit interactions that accelerate on-pathway folding and disfavor off-pathway conformations.
Templated folding
The notion that a partner subunit of an oligomeric protein complex can provide structural information that guides the folding of a nascent polypeptide toward the native state is further supported by examples of other highaffinity heteromers. Independent refolding following denaturation of the α and β subunits of the bacterial luciferase heterodimer results in proteins that cannot properly interact, but refolding of the two subunits together reconstitutes the functional enzyme (10, 11) [and addition of GroEL further improves yield (12) ]. Similarly, when septin family proteins, which form high-affinity heteromers in their native eukaryotic hosts, are expressed individually in bacteria, they commonly purify as non-native homodimers (13) (14) (15) (16) or engage in non-native heteromeric interactions when subsequently mixed with other individually purified subunits (17) . Upon heterologous co-expression, on the other hand, septins assemble into complexes with the native organization (13, 18) . Although it remains to be determined whether the subunit-subunit interactions that guide native folding occur co-translationally or post-translationally, these examples reinforce the idea that primary sequence is often insufficient to direct native folding in cis, but the missing information can in some cases be provided in trans. From a kinetic perspective, for some proteins the lowest-energy state appears to be a non-native one (perhaps an aggregate), and interactions with an oligomerization partner during the folding process avoids a kinetic trap and allows the protein to remain in the higher-energy native conformation required for function.
Release from 'late-stage' chaperones is triggered by client protein oligomerization
From the examples introduced above it should be clear that nascent proteins destined for high-affinity proteinprotein interactions often require assistance to stay on pathway toward the native conformation and that chaperones and partner proteins can both provide such assistance. In the case of most chaperones, assistance comes primarily in the form of transient shielding or sequestration of exposed hydrophobic patches away from other hydrophobic sequences (in the same or a distinct polypeptide) to prevent non-native associations at early steps in the folding pathway. In the case of the partner protein(s), non-transient contacts that are not limited to burial of hydrophobic interactions provide an endpoint to an otherwise protracted series of bind-and-release chaperone associations. Additionally, a special class of chaperones (broadly defined) may play a conceptually distinct role at a late step in the folding pathway that facilitates the formation of high-affinity protein-protein partnerships.
Chaperonins function as nanocages inside which single client polypeptides fold without interference from other proteins (recently reviewed in Ref. 19 ). The hydrolysis of adenosine triphosphate (ATP) triggers release of the client, whereupon the client re-binds if it is not yet properly folded. Prior to its implication in protein folding per se, GroEL, the founding member of the chaperonin family, was first found to be required for the assembly of oligmeric complexes of bacteriophage head and tail proteins, and its plant homolog was found to be required for assembly of the multimeric chloroplast enzyme Rubisco (20) . In contrast to other classes of chaperones (e.g. Hsp70), in which folding by the client polypeptide occurs in solution in between cycles of chaperone binding, each client binding event by a chaperonin provides the opportunity for the client to make extensive folding progress; unfolded α tubulin can even fold a functional GTP-binding pocket during a single voyage through the chaperonin chamber (21) . For GroEL, ATP hydrolysis appears to follow a simple timer mechanism, giving the client protein ~2 s of folding time before it is released and can attempt to oligomerize (22) . If an oligomerization-competent conformation has not yet been achieved, the client protein is re-bound by GroEL and provided with another folding opportunity. Similarly, successful acquisition of an oligomerizationcompetent conformation appears to be a prerequisite for the permanent release of many clients from the chaperonin of the eukaryotic cytosol, called CCT or TRiC (23, 24 ). An idea emerges that for a client that is a subunit of a multiprotein complex, another subunit that interacts directly with the client (a partner) often provides an interaction interface that promotes the client's acquisition of the native conformation, i.e. a template. Consequently, a client that cannot fold without a partner remains trapped in futile cycles of release and re-engagement by the chaperone. Chaperonins thus maintain such clients in a quasinative conformation, protecting them from alternative 'dead-end' conformations, until hetero-oligomerization with the partner induces acquisition of the native state and thereby puts an end to the folding process.
A second example of chaperones in this category of late-acting facilitators of oligomerization can be found in the tubulin cofactors. Tubulin polypeptides pass through CCT yet emerge in conformations that are not competent for efficient heterodimerization (21, 25) . The cofactors engage the tubulin subunits at this point and promote a series of additional conformational changes, after which the tubulins are in a high-energy state primed for heterodimerization (1). It has been suggested by others (26) that the tubulin cofactors evolved from ancestral proteins that simply bound the primordial tubulin monomers and/ or heterodimer, and it is easy from this perspective to consider the cofactors themselves as templates that are required for de novo tubulin folding, albeit via interactions that do not involve the native tubulin dimerization interface. Release from the cofactors into the heterodimer allows the tubulin subunits to achieve the native state only found in the heterodimer context. Mutant tubulins that cannot achieve the early quasi-native states remain trapped in futile cycles of CCT binding, with some degradation (27, 28) ; mutant tubulins that progress further but cannot reach the primed state remain stuck on the cofactors (29) . Crucially, a wild-type tubulin also remains stuck on the co-factors if its partner tubulin is missing (30) . Thus, one can imagine scenarios in which a perfectly normal protein is rendered effectively non-functional by the inability of a partner to achieve the oligomerizationcompetent state.
A final example comes from the mechanism of bacterial pili/fimbria fiber assembly, in which nascent, non-native fiber subunits are engaged by a periplasmic chaperone in a stable chaperone-client complex. In a process called donor strand complementation, the chaperone provides in trans a small amount of structural information, in the form of a single β strand, that is 'missing' from the subunit polypeptide; the β strand occupies a hydrophobic groove that, if left exposed, triggers degradation (reviewed in Ref. 31 ). When the chaperone-fiber-subunit heterodimer arrives at the growing end of the pre-assembled fiber, it encounters a similar chaperone-client heterodimer occupying the end position, and a sequence at the N-terminus of the newest fiber subunit displaces from the previously incorporated fiber subunit the β strand provided by the chaperone associated with that older subunit, liberating that chaperone molecule and incorporating the new chaperonefiber-subunit heterodimer. Remarkably, if the N-terminal donor β strand from one fiber subunit is simply fused to the C-terminus of another, it occupies the groove in cis and allows the subunit to fold stably, independent of the chaperone (32) . Transient donor strand complementation by the chaperone acts as a kinetic trap to prevent the inappropriate assembly of non-functional, low-energy oligomers (33) . Moreover, as with the tubulin cofactors, the chaperones acting in pilus fiber assembly maintain their clients in high-energy states, priming them for the oligomerization event that drives acquisition of the native conformation (31) .
Subunit exchanges within high-affinity complexes
High-affinity complexes are characterized by ultra-slow kinetics of spontaneous dissociation, and one would predict that once the subunits of a high-affinity complex associate, they will rarely dissociate, and pre-existing subunits should not exchange with newly synthesized subunits. Metaphorically, the constituent molecules have entered into a monogamous relationship in which all future events during their lifetimes should be undertaken as a single functional unit.
However, even high-affinity complexes display evidence of subunit exchange. For example, the same tubulin cofactor complex that first introduces the nascent α and β tubulin polypeptides to each other is also able to mediate dissociation of a pre-formed heterodimer and exchange of an old (previously folded) subunit for a new (nascent) one (34) . Histone-specific chaperones similarly mediate exchange of subunits within pre-formed histone complexes (35) . In this scenario, the release from late-stage chaperone engagement that is triggered by oligomerization is in fact not so permanent, because the same chaperone can in fact re-intervene in the relationship.
By definition, the subunits within preformed highaffinity complexes are already in the native conformations. Hence, unless the exchange reaction involves considerable unfolding of the constituent subunits, it follows that subunit exchange within such complexes provides opportunities for a different kind of templating event, in which a protein that itself previously required folding information from a partner (e.g. nascent β tubulin interacting for the first time with nascent α tubulin) could store that information and transmit it, via exchange, to a new partner. Extending the metaphor of the monogamous relationship, match-maker becomes home-breaker as an agematched partner is swapped for a new/improved one. The structural dynamics occurring during exchange within high-affinity hetero-oligmers remain largely unknown. Is extensive unfolding of the pre-existing subunits required, or can at least one of the protein-protein interaction interfaces remain mostly native, and therefore primed for interaction with a new partner without the need for significant refolding? In the absence of evidence to the contrary, I assume for the purposes of this piece that in at least some cases exchange requires negligible refolding.
The heritable template hypothesis
The discussion of established biological phenomena that I presented above is intended to provide the basis for what is, to my knowledge, a novel hypothesis, which I call the heritable template hypothesis. Let us consider two hypothetical partner proteins, A and B, that form an A-B heterodimer (Figure 1 ). Each possesses a low-energy, non-functional folding state that is the default in the absence of chaperone assistance. For simplicity, I will consider this state to be misfolded, but that is a purely functional assignment. Chaperone assistance promotes folding into a quasi-native, higher-energy conformation. The native A fold (relatively high-energy) is only achieved in the context of the A-B dimer and the same is true of B. Formation of the A-B heterodimer triggers folding and permanent release of A and B from chaperone sequestration; quasi-native A and B remain chaperone-bound.
These properties would be shared with α and β tubulin, with the co-factors as the chaperone. Unlike other proteins that have been studied, however, chaperone-bound, quasi-native A cannot heterodimerize with quasi-native, chaperone-bound B (Figure 1 ). Instead, in order to fold and escape chaperone sequestration, A requires interaction with a fully folded, native molecule of B, and vice versa (Figure 1) . Accordingly, the subunits within a preformed A-B heterodimer must be exchangeable: if A never dissociates from B, pre-folded B will never be available to template the folding of new A molecules. It follows that A-B heterodimers must persist and be distributed through cell divisions; otherwise, daughter cells would be unable to fold new molecules of A or B. We define the A-B partner pair as a heritable template.
Importantly, this form of molecular memory provided by heritable templates could actually protect cells from otherwise deleterious effects of mutations. Imagine that, like A and B, two hypothetical proteins C and D template each other's folding, but, unlike A-B, the C-D heterodimer can assemble de novo from newly synthesized molecules. For two proteins, A and B, four distinct conformational states are illustrated in the context of a simplified folding pathway. Nascent polypeptides are 'unfolded', and without the assistance of a chaperone (beige octameric barrel) tend to populate a low-energy conformational state that is non-functional and thus considered 'misfolded'. Chaperone engagement promotes a 'quasi-native' conformation that shares many structural features with the native state (Pacman shape for A, teardrop shape for B), but the native state is difficult for two quasi-native molecules to achieve. Quasinative molecules continue to cycle through rounds of chaperone binding and release. An exchange reaction between a quasi-native protein A or B and a pre-formed, native A-B heterodimer is the only efficient route to the native state. Exchange liberates a pre-folded A or B molecule that may be able to itself template the folding of other quasi-native B or A molecules without requiring exchange, but this ability is not a necessary component of the hypothesis. Exchange produces a native heterodimer in which one subunit is newly folded. All native heterodimers can act as heritable templates if they persist through cell division and/or differentiation.
The D-encoding gene is able to accumulate mutations (*) that prevent spontaneous D* folding, for example by strongly favoring an inactive, low-energy conformation if D* tries to fold in the absence of C. So long as molecules of C are present during de novo D* folding, these mutations are phenotypically silent. If C and D* are (like tubulins) long-lived proteins, then subsequent mutations in the C-encoding gene could also be tolerated, because preexisting D* molecules template the folding of newly made mutant C* proteins. Folded C* molecules can then template the folding of new D* proteins, and thus the C*-D* dimer persists despite the fact that neither C* nor D* could correctly fold in isolation. C* and D* are, according to our definition, heritable templates, and natural selection was powerless to prevent their evolution. Some experimental evidence for heritable templating allowing mutant proteins to tolerate otherwise catastrophic folding defects may be found in unexpected behaviors of mutants studied in the laboratory setting. My lab has noticed that certain mutant septin proteins with folding difficulties display a longer-than-expected ability to assemble properly under conditions in which a preformed mutant-containing septin complex may be acting as a heritable template (unpublished results). Somewhat similarly, a temperature-sensitive mutant of the prokaryotic tubulin homolog FtsZ in Caulobacter crescentus (EGR142AGA) may retain partial function at low temperatures via templating off of FtsZ polymers initially produced by wild-type FtsZ that was depleted from the cells at the start of the experiment (36) . It is unsurprising that few examples exist, as one would predict that mutants for which de novo folding defects are masked by heritable templating would be almost always overlooked.
Alternatively, imagine that in most organisms the ability of proteins C and D to fold into conformations that are capable of de novo heterodimerization requires the action of a series of chaperones, but that exchange of subunits within pre-assembled C-D heterodimers is either spontaneous or involves a distinct chaperone. No heritable templates are required for C-D biogenesis in most organisms. On the other hand, if during evolution mutations arose not in C or D but in an early acting D-folding chaperone, then in some organisms de novo C-D biogenesis becomes impossible, yet these organisms persist thanks to the existence of heritable C-D templates first assembled in the 'chicken' that produced a mutant 'egg'. According to this logic, I believe the existence of heritable folding templates may, in fact, be an evolutionary inevitability.
It is worth noting that in the simplest hypothetical example of heritable templating, I assume that functional folding of the participant proteins fails entirely in the absence of a pre-folded partner. In fact, even a slight reduction in the efficiency of folding could, for proteins whose high-efficiency folding is of crucial importance to the cell, impose a fitness cost, particularly under stressful conditions (e.g. heat shock). Indeed, even a conformation that under normal conditions is very unlikely to be achieved without a template, such as that of classical yeast prions (see below), will arise spontaneously in about one cell in a million (37) , so when, regarding spontaneous folding, I say 'cannot', the reader should understand 'almost never under normal circumstances'. I used heterodimers to illustrate the heritable template hypothesis, but the concept also applies to homo-oligomers, although the C*-D* evolutionary argument described above would only hold in organisms in which the protein in question is encoded by more than one genetic locus (e.g. diploids). Finally, from the description I provided above, incorporating a new subunit into the polymer during pilus fiber assembly pathway would seem to preclude efficient de novo pilus assembly without some sort of pre-existing seed. However, a pore-shaped usher factor inserted in the outer membrane first (via kinetic partitioning) incorporates at the future tip of the fiber a distinct adhesin-chaperone heterodimer that alters usher conformation to accept fiber-subunit-chaperone heterodimers and thereby initiate fiber polymerization (38) . Thus, the evolution of nucleating factors can drive local assembly to overcome barriers to spontaneous oligomerization.
The catalytic potential of exchange-mediated templating
If the exchange reaction does not involve significant unfolding, then each heterodimer exchange event liberates a pre-folded molecule of the other subunit that may be capable of templating de novo folding of a new partner. By analogy to simple chemical reactions, this phenomenon could initiate a chain reaction of templated folding events including obvious initiation, propagation, and termination events (Figure 2) . In this way, the information that is transmitted via the templating reaction is not only never lost but might actually be multiplied. However, chain reaction propagation would require that the liberated, pre-folded subunit persist in its high-energy (freeradical-like) native conformation long enough to engage in a productive encounter with a quasi-native nascent partner. Unless exchange-mediating chaperones are capable of kinetically storing such activated monomers, information multiplication may be limited.
Prions: the archetypal heritable templates?
Notably, the protein folding field already espouses the notion that particular protein conformations are unlikely to occur spontaneously, and instead are templated by molecules whose templating ability was itself a product of prior templating. This is, in essence, the prion hypothesis (39) . Prions are proteins that can adopt (at least) two distinct conformations, one soluble and one aggregationprone. The aggregation-prone (prion) conformation can recruit formerly soluble versions of the protein into the prion form. The prion form arises rarely in cells in which all the pre-existing molecules are in the soluble form, which is favored during spontaneous de novo folding. If, however, prion-form molecules are present in a cell in which a new molecule of the protein is produced, the new protein is very likely to be converted into the prion form. This mechanism for perpetuating the prion form allows it to be maintained through cell divisions, so long as prion-form templates are inherited by each daughter cell. Progeny cells can be cured of prions by various methods that prevent template inheritance (40) . Thus, prion propagation requires a heritable template that shares many fundamental properties with the heritable folding templates proposed in my hypothesis.
The critical difference, in my view, between prions and the kinds of heritable templates I discuss here is the nature of the subunit-subunit interactions. In the prion field, this concept is mostly limited to prions with highly specific glutamine/asparagine-rich structural motifs that promote amyloid-like folds, which associate in stereotypical ways (e.g. cross-β sheet) (41) . Essentially all prions rely on such domains to direct folding into the prion form and eliminating these sequences abolishes prion propagation. I propose that templated folding is not necessarily limited to any particular structural motif, and merely requires a protein-protein interaction interface involving high-energy conformations that are difficult to achieve spontaneously.
Moreover, the prion form is often considered to be dysfunctional relative to the cellular function of the soluble form. There is some evidence from yeast that prioninduced 'dysfunction' can be beneficial, for example by facilitating a kind of functional diversity within a population of cells that might prove advantageous in certain situations, sampling a wider swath of phenotypic space, in effect (42, 43) . Additionally, some proteins appear to exploit a prion-like state to propagate signals (41), such as a factor involved in making memories in neurons (44) . Overall, however, due to their propensity for aggregation, prions are usually thought to be harmful; in fact, it has been proposed that nearly every protein-aggregate-associated disease (Parkinson's, Alzheimer's, etc.) is prionbased (45) . By contrast, I envision that non-prion heritable templates are critical to normal, native folding of proteins into conformations that are important for healthy cellular functions. Rather than 'curing' a cell and restoring normal function, to lose a heritable template of the sort I envision could easily result in death.
If heritable templates exist, how would we find them?
To my knowledge, there is yet no clear evidence that supports the identification of any non-prion (see below) heritable template in wild-type cells of any species. Indeed, in order to demonstrate heritable templating, a number of non-trivial experimental approaches must be employed and focused on proteins that meet a few basic criteria. For example, pulse-chase analysis could first be used to demonstrate protein half-life longer than a cell division cycle, or else a burst of short-lived complex assembly just prior to cell division. Next, exchange with a pre-formed complex containing a pre-folded partner could be shown using affinity co-purification, size exclusion chromatography, or non-denaturing gel electrophoresis, combined with pulse-chase labeling or pre-existing complexes in which the constituent subunits are modified in other ways that allow discrimination from newly synthesized forms (e.g. addition of distinct epitope tags). If a late-stage chaperone is suspected to mediate the exchange reaction, then a further prediction is that, in the absence of a pre-folded complex, newly made subunit molecules might remain trapped in association with the chaperone, but then be released upon addition of purified, pre-folded complex.
A useful comparison can be made with observations found in the early literature surrounding the discovery of the tubulin-folding chaperones. Purified CCT was found to act on unfolded, purified α or β tubulin to produce quasinative subunits that are resistant to limited proteolysis, but are not competent to undergo exchange into a preexisting α-β heterodimer (mediated by the 'latest-acting' tubulin cofactor) (25) . Only upon addition of the earlieracting cofactors could α or β tubulin fold into a conformation capable of exchange; in the absence of exchange, the exchange-incompetent protein remained stuck in CTT (25) . Because in these experiments only a single tubulin subunit was synthesized, there was no newly synthesized partner protein with which to interact, and exchangemediated contact with a pre-folded partner was the only route to the native conformation. Therefore, these results included all the hallmarks of a requirement for a heritable template, but they were artifacts of an in vitro system that lacked important components of living cells. Along these same lines, it is also worth noting here that polypeptide refolding following denaturation, and the chaperone roles therein, are in many cases fundamentally different from what occurs in vivo, particularly in the context of the act of ribosomal translation itself (19, (46) (47) (48) .
Ultimately, then, the most direct demonstration of a heritable template would involve transient depletion from living cells of all pre-existing molecules of candidate template protein (for example, using an inducible degron system), and detection of clear defects in de novo complex assembly. Ideally, such defects would be non-lethal, allowing a rescue of normal assembly by introduction into the defective cells of purified, pre-folded complex. Analogous experiments have already been performed for prion proteins (49) . Notably, chaperones themselves could masquerade as heritable templates by virtue of their folding functions. For example, in a classic chicken-and-egg paradox, de novo folding of the mitochondrial chaperonin Hsp60 requires the function of the Hsp60 chaperonin (50), but we can assume that this requirement reflects chaperone-client interactions between pre-existing and nascent Hsp60 molecules, not the kinds of subunit-subunit interface interactions that pertain to the heritable template hypothesis.
Finally, given the examples I provided above of homologous proteins from different species that either can or cannot fold spontaneously without chaperone assistance, one would predict that a protein capable of spontaneous native folding in one species could have a homolog in another species that requires a heritable template, and thus, the gene encoding the template-requiring homolog might be unable to complement a null mutation of the spontaneously folding homolog. Indeed, a recent study found that less than half of essential budding yeast genes could be functionally replaced by their human counterparts (51) . Those authors noted that, according to computer simulations, as protein sequences drift during evolution, selection for interaction between two partner proteins is sufficient to drive retention of interaction between a divergent protein and its ancestral partner (51) . However, these simulations assume that each protein folds independently into the interaction-competent conformation. Potential heritable templates may be found by investigating homologous proteins for which cross-species complementation fails despite strong conservation of interaction interfaces.
Expert opinion
In summary, I have attempted in this piece to synthesize from established concepts in protein folding a new hypothesis regarding how the three-dimensional structures of proteins might be propagated via a mechanism that relies on, and may therefore reinforce, the continuity of life. The core concepts are that the native states of many proteins are not the lowest-energy states spontaneously achieved in solution and that contributions by chaperones and partner proteins can act separately or in concert to promote the native state. By simply considering a plausible scenario in which a pre-folded partner protein holds the information that a newly made polypeptide needs in order to achieve the native conformation, I propose a mechanism of folding that, as the genome's code offers no assistance, is intrinsically vulnerable to failure upon accident or environmental insult, but which could nonetheless persist despite the watchful eye of natural selection. Although here I offer precedents and clues that may help to uncover examples of heritable templates in nature, I have no evidence, direct or indirect, that they in fact exist.
Outlook
However, as the field of synthetic biology develops to the point of being able to synthesize from scratch in the lab more and more of the molecules found in living cells, I predict that in 5-10 years we will know if indeed there are fundamental barriers that prevent the initiation of life from purely synthetic materials. Of course, from my perspective, the information present in a living cell and missing in biomaterials assembled from simple building blocks is not life per se, but structural complexity, which in principle can be extracted from materials that are not currently (but once were) alive. Hence, in a more modest sense, my hypothesis merely proposes that certain molecular assemblies cannot be synthesized from building blocks below a certain threshold of structural complexity, i.e. quaternary structure.
As the prion field expands, it may naturally encompass the heritable template hypothesis, if prion-like phenomena are observed for molecules that lack the structural properties that currently define the widely accepted prion definition. It is my hope that this piece may encourage researchers to look for such phenomena in places they might not otherwise have considered.
Highlights
-High-affinity protein-protein interactions often involve protein partners in high-energy conformations that are not the default during spontaneous folding and are only achieved in the context of a native oligomer. -Some proteins require assistance from molecular chaperones to achieve the native fold, whereas others, even close homologs, fold independently of chaperones, perhaps by exploiting 'early' interactions between subunits destined to form stable oligomers. -Interactions between subunits of an oligomer during the folding process (i.e. when folding and assembly are coupled) represent a form of structural templating, in which each partner provides information that the other needs in order to achieve the native fold. -Late-stage chaperones often compete with native oligomerization partners for binding to nascent polypeptides that are approaching the native fold, allowing oligomerization to trigger release from chaperone sequestration. -Despite their high affinity, many very stable proteinprotein complexes can undergo exchange, often mediated by the late-stage chaperones that assembled them in the first place. -The heritable template hypothesis proposes that some proteins may only be able to achieve the native conformation via exchange-mediated interaction with a pre-folded partner protein that itself required prior templating for its folding. -Although a requirement for heritable templates seems biologically precarious, in the appropriate circumstances it may have evolved without significant fitness costs. -The subunit exchange reaction in a heritable template scenario could propagate as a chain reaction if the high-energy native conformation is sufficiently long-lived. -Prions are a type of heritable template with specific structural properties and distinct concepts regarding the functionality of the 'native' and 'non-native' forms. -The experimental approaches used to identify chaperones and prions may allow the identification of natural heritable templates, if applied to the appropriate proteins.
